The effect of 1-hydroxyethane-1,1-diphosphonic acid (HEDPA) on sorption of Np(V) and Pu(V) to synthetic boehmite (γ-AlOOH) was examined a function of time and pH (between 4 to 11). Sorption of both elements in boehmite suspensions (1 M NaCl, 600 mg L -1 boehmite) increased with increasing pH. Sorption edges for neptunium and plutonium occurred at approximately pH 8.0 and 6.6, respectively. After steady state partitioning was reached, HEDPA was added to the neptunium-boehmite and plutonium-boehmite suspensions. Neptunium and plutonium partitioning appears to be primarily affected by the formation of soluble Np:HEDPA and Pu:HEDPA complexes, the dissolution of boehmite promoted by HEDPA, and the precipitation of Np:HEDPA and Pu:HEDPA colloids. The results are discussed in terms of applicability of HEDPA-promoted dissolution as a waste reduction method in the treatment of sludge phases contained within highlevel nuclear waste storage tanks.
Introduction
Safe, efficient, and economical techniques are required for the treatment of high-level radioactive wastes. The nuclear wastes in the underground storage tanks at the Hanford Site in Washington State, U.S.A. present an extraordinary clean-up task. Approximately 1.7 x 10 8 curies of radioactivity are contained in 177 underground storage tanks at this site (1) . Over time the waste from spent nuclear fuel reprocessing has stratified into a salt cake, a supernatant phase, and an underlying sludge phase. Most of the transuranics have partitioned to the sludge phase, of which aluminum oxides represent a large component. The current waste treatment strategy proposes vitrification of the sludge phase followed by disposal in a geologic repository (2) . However, vitrification of the entire sludge phase is not economically feasible due to the large volume of the sludge and the high cost of vitrification. Therefore, studies have been performed to examine the possibility of reduction of the sludge volume through dissolution of the aluminum oxides with diphosphonic acids. In a companion paper to this work, 1-hydroxyethane-1,1-diphosphonic acid (HEDPA) was shown to significantly enhance the solubility of Al in saturated boehmite suspensions (3) . It was also found that HEDPA is capable of leaching uranium into the aqueous phase through solid phase dissolution and/or the formation of U(VI):HEDPA complexes (3) . Across the pH range 4 to 11, HEPDA is expected to form anionic complexes based upon the stability constants reported by Reed et al. (4) .
As the pH was increased and the boehmite surface developed a net negative charge, these anionic U(VI):HEDPA complexes were repelled by the surface and remained in the aqueous phase (3) . In contrast to the availability of the data on the U(VI):HEDPA aqueous complexes, no studies have been conducted with neptunium and plutonium, two other actinides of critical concern in nuclear waste sludges. Pu was proposed to be associated with alumina colloids based upon filtration tests (6) . Significantly greater leaching of Pu(IV) and Pu(VI) was observed from all simulated waste sludges using 2M HNO 3 and 0.5 HEDPA. In that investigation, Pu was found to be a dissolved species rather than a radiocolloid (6) . Understanding actinide partitioning to minerals in the presence of natural or synthetic ligands is also necessary for the reliable prediction of hydrogeochemical behavior of the actinides.
Sorption to mineral surfaces is an important mechanism for retarding the subsurface migration of the actinides. Aluminum oxides and oxyhydroxides are proposed to be a primary control of subsurface migration. Some data are available describing Np(V) and Pu interactions with various aluminum (oxyhydr)oxides (7) (8) (9) (10) (11) (12) (13) (14) . However, data describing Np and Pu sorption to mineral surfaces in the presence of natural or synthetic complexing ligands are limited (8, 10, 11) . In natural systems, Np and Pu are typically found as hydrolyzed An(OH) x 4-x and AnO 2 (OH) y 1-y species. The strong tendency to hydrolyze and the low solubility of tetravalent actinide hydroxides may constrain the aqueous phase concentrations of Np(IV) and Pu(IV). However, in oxic natural waters and in the absence of strong complexants, Np and Pu are found primarily as Np(V) and Pu(V) in the aqueous phase. Subsurface transport of pentavalent actinides is of particular concern because they generally have a lower affinity for solid phases relative to other actinide oxidation states due to their low effective charge of approximately +2.2 (15) . Complexation with multidentate organic ligands, such as HEDPA used in this work, may affect the partitioning of Np(V) and Pu(V) and therefore affect subsurface transport rates.
The present study has been conducted to investigate the partitioning behavior of Np(V) and Pu in HEDPA-amended synthetic boehmite suspensions. This work seeks to provide a more detailed understanding of the mechanisms controlling Pu behavior than previous studies using bismuth phosphate, REDOX, and PUREX waste simulants (5, 6) . Quantitative sorption data were obtained to evaluate the applicability of HEDPA leaching as a technique to reduce the volume of the sludge phases contained within the Hanford waste tanks, and examine the sorption behavior of Np(V) and
Pu organophosphorous complexes with regard to subsurface transport. and a point-of-zero-salt-effect of 8.1 ± 0.1.
Materials and Methods

Chemicals and Stock Solutions of Neptunium and Plutonium
HEDPA was obtained as a 70% aqueous solution (Sigma) and purified by recrystallization from glacial acetic acid. 
Preparation and Analysis of Oxidation States of Neptunium and Plutonium in Working Solutions
Working solutions of Np (94 μM) and Pu (19 μM Pu) were prepared by diluting the Np(V) and Pu(VI) stock solutions mentioned above in NaCl at pH 3. The oxidation state distribution of Pu in the working solution and control solutions of the sorption experiments (boehmite and HEDPA free) was determined using a procedure including lanthanum fluoride coprecipitation and sorption to silica gel. Details of the procedure have been described elsewhere (16, 19) . The ability of this procedure to separate pentavalent and hexavalent actinides was verified using Np(V) and U(VI) The results indicate that, though all the Pu in the stock solution was initially Pu(VI), it was predominantly in the pentavalent state in the control solutions, which were much more dilute and less acidic than the stock solution. It appears that the Pu(VI) from the stock solution was reduced to Pu(V) after dilution in 1 M NaCl. This is consistent with the observed stability of Pu(V) in dilute and near neutral solutions (16) (17) (18) . Therefore, the sorption experiments in this work are discussed in terms of Pu(V) sorption rather than Pu(VI).
Batch Sorption/Leaching Experiments
Initially After 10 days, the suspensions were amended with a small volume of a 50 mM HEDPA stock solution (pH 7) to yield a suspension containing 5.4 mM HEDPA, 600 mg L -1 boehmite, and 1M NaCl. In parallel, the control solutions without boehmite were also amended to 5 mM HEDPA.
The pH of the HEDPA stock solutions was adjusted to 7 to minimize the pH changes resulting from the addition of HEDPA to the suspensions. The Np(V) and Pu(V) concentrations after addition of the HEDPA solutions were 9.4 μM and 1.9 μM, respectively. The pH of each suspension was adjusted to the target pH immediately after addition of HEDPA and re-adjusted as necessary with
HCl and NaOH throughout the experiment. Deviation from the initially fixed pH over the course of the experiment was found to be less than 0.2 pH units for all samples. The suspensions were mixed at 150 rpm on an orbital shaking platform. At specified intervals, aliquots were removed and passed through 30k MWCO centrifugal filters as described above and the concentration of Np or Pu in the filtrate was measured using LSC. 
Pu-HEDPA and Np-HEDPA solutions in the absence of boehmite
Based upon observations of the boehmite-free control samples described above, more detailed analysis of Np and Pu behavior in HEDPA/NaCl solutions without boehmite was required.
Additional boehmite-free Np and Pu solutions in 1M NaCl and 5 mM HEDPA were monitored over time at pH 4, 6, 8, 9, and 11. Aliquots were removed at various times and passed through 30k
MWCO centrifugal filters and the concentration of Pu and Np in the aqueous phase was measured using LSC. After 18 days, the size fractionation of Np and Pu was examined by measuring Np and
Pu in an unfiltered sample as well as filtrate passed through 100k MWCO and 30k MWCO centrifugal filters (Nanosep, Pall Life Sciences). At the end of the experiments, the possibility of sorption of Np and Pu to the vial walls was tested by washing the vials with NaCl and HCl as discussed above.
Results and Discussion
Examination of An(V)-HEDPA solutions in the absence of boehmite
The concentrations of Np and Pu in boehmite-free, 5 mM HEDPA solutions at pH 4, 6, 8, 9, and 11
were monitored using various filtration steps. The fractions of Np or Pu that passed through 30k
MWCO filters are shown as a function of time over an 18-day period in Figure 1 . Both Np and Pu were predominantly soluble at pH 8, 9, and 11 and the data at each time interval overlap and are difficult to differentiate as shown in Figure 1 . Interestingly, at pH 11 the concentration of Np and Pu in these systems is above the solubility limit for Np(V)-(hydr)oxide precipitates but no loss of Np or Pu was observed. In control solutions without HEDPA, a loss of 51% Np and 98% Pu was observed in boehmite free solutions at pH 11 and a loss of 44% Pu was observed at pH 7 (data not shown). Np remained in the aqueous phase at pH 4 and 7 and Pu remained soluble at pH 4. This indicates that
Np and Pu were either sorbing to the vial walls or precipitating at pH 11 (and pH 7 for Pu). Sorption to the vial walls was found to account for less than 2% of the Np and Pu loss using NaCl-HCl washing as described above. Therefore, it appears that Np and Pu precipitates were formed at pH 11 The fraction of total Np and Pu in the filtrate is shown in Figure 2 , along with an unfiltered sample.
As the filtration pore size decreased, the fraction of total Np and Pu in the filtrate also decreased, indicating removal of a Np:HEDPA or Pu:HEDPA colloidal precipitate. Precipitation of actinide-HEDPA solids at low pH was also reported in studies determining the thermodynamic parameters of U:HEDPA complexes, but only at low HEDPA:U(VI) ratios (7) . Furthermore, an Al:HEDPA precipitate was also observed in a similar study and found to be facilitated by relatively high (> 0. Repulsion between the free dioxycations and the positively charged surface limits sorption of Np and Pu in low pH suspensions. As the pH increases, hydrolysis of Np(V) and Pu(V) starts to occur and gradually becomes significant -about 50% of Np(V) or Pu(V) would be hydrolyzed around pH 9 to 10 if estimated by using the first hydrolysis constants (log β The effect of HEDPA on Np sorption to boehmite is similar to its effect in the Pu system, consistent with the expected similar behavior of pentavalent actinides. However, the effects were more subtle and the reaction rates appeared considerably slower. As shown in Figure 6 , the fraction of Np sorbed after addition of HEDPA shows relatively little change over time compared with the Pu dataset. Additionally, the fraction of Np sorbed was much greater than that of Pu at extended times. This either situation could arise from a kinetic limitation of the detachment of Np:HEDPA complexes from the mineral surface, a difference in the oxidation state distribution, or in the nature of the complexes formed within the two systems. Assuming Np remains in the pentavalent state, it is conceivable that reduction of Pu(V) to Pu(IV) could explain these differences. Similar to the Pu system, rapid sorption of Np was observed at pH values below the HEDPA-free sorption edge immediately following addition of HEDPA (pH range 4 to 9, Figure 6 ). Following this initial uptake, Np began to desorb of neptunium desorbed as the experiment progressed.
The decrease in aqueous Np and Pu at low pH values following the addition of HEDPA may be, in part, due to precipitation of Np:HEDPA or Pu:HEDPA colloids as described above.
Interestingly, the aqueous concentration of Np and Pu were higher in the boehmite suspensions than in the boehmite free control solutions. After 18 days at pH 4, less than 25% of the Np or Pu was soluble in the control experiments ( Figure 1) . However, the data in Figures 4 
